Purpose: Brain metastases are common in patients with limited-stage small cell lung cancer (LS-SCLC) due to the inability of most chemotherapeutics to penetrate the blood-brain barrier. Prophylactic cranial irradiation (PCI) is therefore recommended for use in patients with a good response to concurrent chemoradiotherapy. However, PCI is not always delivered; therefore, we investigated the reasons for PCI omission in patients who underwent therapy with curative intent.
Introduction
Limited-stage small cell lung cancer (LS-SCLC) is typically treated with chemotherapy and radiation therapy (RT) to the primary tumor. However, the brain is a frequent site of metastasis due to the inability of most chemotherapeutics to penetrate the blood-brain barrier and may be the sole site of recurrence in patients with otherwise good responses to initial therapy. Brain metastasis is associated with significant neurocognitive symptoms and poor survival and has been observed in more than 50% of patients with SCLC. 1 Although the use of prophylactic cranial irradiation (PCI) is debated in patients with very early stage SCLC, such as T1N0M0 disease, 2 PCI is currently considered a standardof-care intervention in patients with LS-SCLC who achieve a complete or partial response to initial chemotherapy. 3 PCI has been studied extensively in clinical trials and was shown to improve overall survival (OS) in patients with SCLC in 2 meta-analyses of phase 2 and 3 clinical trials. 4, 5 Current National Comprehensive Cancer Network guidelines recommend the use of PCI for a limited number of patients with SCLC who respond well to initial therapy.
PCI is associated with chronic neurocognitive deficits in attention, memory, and problem-solving ability 6, 7 ; however, these toxicity concerns must be weighed against the potential for neurologic deficits caused by disease progression in the brain. Currently, data on the utilization rates of PCI and the precise reasons for omission are limited. Therefore, in this study, we examined the rate of PCI use and factors associated with a lack of use in patients with LS-SCLC at a large academic institution.
Methods and materials

Patient cohort
After receiving institutional review board approval, we retrospectively reviewed all patients with LS-SCLC who were treated with curative intent at our institution from 1999 to 2013. Demographic information, stage, treatment, and disease-related outcomes were extracted from the medical record. For patients who did not receive PCI, we reviewed the clinical notes from the treating oncologists (medical, radiation, and surgical) to ascertain the reason.
Patients were staged according to the 7 th Edition of the American Joint Committee on Cancer (AJCC) classification system, and all patients with up to stage IIIB disease were considered to have LS-SCLC. All patients had pathologic confirmation of disease at our institution and underwent an extent-of-disease evaluation with body computed tomography (CT) or positron emission tomography scans and a brain CT scan or magnetic resonance imaging to rule out distant metastases. Follow-up after completion of all therapy typically consisted of a history review, physical examination, CT chest scan, and magnetic resonance imaging of the brain every 3 to 6 months or as clinically indicated.
Endpoints and statistical considerations
All endpoints were calculated from the date of pathologic diagnosis. OS was calculated from the start date of chemotherapy until the date of death or last follow-up. OS was estimated with the Kaplan-Meier method and analyzed using the Cox proportional hazards regression model. Cumulative incidence of brain metastasis was analyzed by the Fine-Gray competing risks regression model, and death without brain metastasis was considered a competing risk. Pearson's χ 2 test and Mann-Whitney U test were used to examine factors associated with PCI use, and prognostic factors were analyzed by Cox proportional hazards modeling. Factors included in the analyses were age at diagnosis, Karnofsky performance status (KPS), sex, clinical AJCC stage, concurrent versus sequential delivery of RT, thoracic RT fractionation, and PCI use. PCI and factors with a P-value <.1 on univariate analysis were included in the multivariate analysis. All statistical tests were two-sided, and P < .05 was considered statistically significant.
Results
We identified 283 patients who were treated with curative intent with surgery or radiation for LS-SCLC at our institution. Surgical patients lost to follow-up with unknown chemotherapy receipt 7 or patients who refused chemotherapy 6 were excluded. All remaining 264 patients received systemic therapy as part of their initial therapy. Thoracic RT (TRT) was administered in 236 patients (89%), and surgery was performed in 28 patients (11%). All patients were restaged after CT scanning, and 48 patients were excluded from the study due to disease progression, 5 patients died during or shortly after initial therapy, and 7 patients were lost to follow-up. Of the 208 patients in the study cohort, the median follow-up for all patients was 29.7 months. The median age was 67 years (Table 1) .
Treatment details
All patients received a platinum-based doublet chemotherapy regimen, most commonly with etoposide (97%), after or during local therapy. Twenty patients did not receive TRT but underwent surgical resection (n = 27; 13%), 19 of whom underwent lobectomy (70%). All but one had a T classification of T1 or T2 (96%). All patients who received TRT (n = 181; 87%) underwent a CT-based simulation in the supine position with custom immobilization and were treated to the involved field. Most patients were treated with 3-dimensional conformal or intensity modulated RT (n = 123; 68%). The majority of TRT patients received twice-daily (BID) fractionation (n = 104; 57%); all BID-treated patients received 45 Gy, with the exception of one patient who declined to complete TRT because of toxicity and ultimately received 30 Gy. For patients who received once-daily RT, the intended prescription dose was ≥54 to 60 Gy and the median dose was 54 Gy (interquartile range, 54-59.4 Gy; range, 23.4-70 Gy). The 6 patients who received ≤45 Gy in daily fractions had difficulty tolerating completion to the prescribed RT dose but 3 patients achieved a complete response and 3 patients a partial response to initial treatment. After recovery from acute toxicity, 3 patients later opted to receive PCI. The vast majority of patients (>90%) achieved a complete or partial response to thorax-directed TR. Chemotherapy sequencing was concurrent with RT for most patients (n = 143; 69%), and RT was generally initiated with the first or second cycle of chemotherapy (Table 2) . 
Prophylactic cranial irradiation details and reasons for omission
A total of 115 patients (55%) received PCI. PCI was generally delivered in 25 Gy over 10 fractions (n = 62; 54%), with the next most frequent regimen being 30 Gy over 15 fractions (n = 47; 41%; Table 1) .
Patients who did not receive PCI were more likely to be older (P < .001), have lower KPS scores (P = .004), receive sequential chemotherapy rather than concurrent (P < .001), undergo surgical resection for local therapy (P < .001), and receive daily fractionation for TRT instead of BID TRT (P < .001).
There was no difference in PCI utilization on the basis of the era of diagnosis as determined by the date of diagnosis (Table 2) . Of those patients who did not subsequently receive PCI, the most common documented reason for omission of PCI was patient refusal due to concerns about potential toxicity (35 patients; 38%). The second most common reason was being deemed medically unfit after primary therapy by oncologist assessment (31 patients; 33%). The determination of medical fitness was made by radiation oncologists in 21 cases (68%) and by medical oncologists in 10 cases (32%). Patients being considered too advanced in age (7 patients; 8%) was another common reason for non-recommendation of PCI, where all but one patient was ≥77 years of age (range, 70-94 years). Two patients (2%) had received prior head and neck RT; therefore, PCI was not recommended. Four patients (4%) had other reasons for not receiving PCI. For 14 patients (15%), the reason for PCI omission was not clearly documented ( Table 2) .
Outcomes
The median OS was 35.1 months (Fig 1) . At 2 years, the OS rate was 64%; OS was 49% at 3 years. KPS (0.813; 95% confidence interval [CI], 0.983-1.023; P = .034) and clinical AJCC stage (1.209; 95% CI, 1.070-1.366; P = .002) but not PCI (0.917; 95% CI, 0.651-1.292; P = .62) were significantly associated with OS; only clinical stage remained an independent factor on multivariate analysis (1.208; 95% CI, 1.021-1.429; P = 0.027). Cumulative incidence of brain metastasis was 12% at 2 years and 17% at 3 years, and no factors were identified as significantly associated with cumulative incidence of brain metastasis (Fig 2) .
Discussion
Two large-scale Surveillance, Epidemiology, and End Results analyses and 2 meta-analyses of multiple phase 2 and 3 studies with large patient populations have demonstrated a significant association between PCI use and improved survival in patients with SCLC. 4, 5, 8, 9 Therefore, PCI is commonly accepted to prevent brain metastasis and improve survival in patients with LS-SCLC, yet its use among patients is limited even in a large tertiary cancer center. This deficit substantially results from concerns about neurotoxicity.
Despite this strong association among PCI, intracranial control, and OS, roughly half of the patients at our large academic center do not receive PCI, mainly because of neurotoxicity concerns on the part of the patient, the oncologist, Advances in Radiation Oncology: October-December 2017 PCI utilization in LS-SCLC or both. Although late effects of dementia, ataxia, and urinary incontinence have been observed in a small percentage of long-term survivors after cranial irradiation, these findings are largely from early retrospective studies with small sample sizes or higher doses of radiation. 10 No significant decline in neurocognitive function was observed between PCI and no-PCI groups in 2 large, randomized trials, and PCI continues to be recommended in the National 
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Comprehensive Cancer Network guidelines for the treatment of LS-SCLC in patients who achieved a complete or partial response to initial chemoradiation therapy. 1, 11 Given the benefits of PCI on intracranial disease control and survival, it is important to better understand the reasons for patient refusal and to appropriately address these concerns.
A recent study of patient choice in PCI use for NSCLC demonstrated that improved survival is the most important consideration, even at the expense of significant neurotoxicity. 12 Interestingly, participants appeared to be more concerned about brain metastasis posttreatment and were more willing to accept some neurotoxicity for a decreased risk of brain metastasis, which is perhaps due to increased preoccupation with preventing disease recurrence as patients approached the completion of definitive therapy. The findings of our study confirm the primacy of patient concerns about neurotoxicity. We also found that physician concern about toxicity is a significant contributor to omission of PCI, with appropriate considerations that include age and medical fitness. Overall, concerns about PCI-associated neurotoxicity appear to be the major impediment preventing patients from receiving PCI. Therefore, investigating methods to minimize PCI-associated neurotoxicity could increase utilization rates by increasing the appeal of this intervention for both patients and practitioners. Two current methods of minimizing PCI-associated neurotoxicity are the use of memantine and/or hippocampalsparing radiation techniques.
Understanding the mechanisms of radiation-related neurotoxicity could advance our ability to mitigate this adverse outcome. Brain irradiation has been associated with gradual damage to white matter, as observed on imaging. 7, 13 Preclinical studies suggest an association among late neurotoxicity, inflammation, and damage to neural progenitor cells in the hippocampus and subventricular zone. [14] [15] [16] A dose-volume histogram analysis of 2 prospective clinical trials demonstrated that radiation-induced neurotoxicity is predicted by radiation dose to specific regions of the brain, including the hippocampus, rather than dose to the whole brain. 17 Because brain metastasis to the hippocampus is rare, hippocampal-sparing radiation may limit radiation-induced neurotoxicity while still providing adequate disease control. 18 Hippocampal-sparing radiation has been evaluated in Radiation Therapy Oncology Group (RTOG) 0933, a phase 2 study of hippocampal avoidance during whole-brain radiation therapy (WBRT), in which neurocognitive outcomes were compared with the historical controls of WBRT patients treated without hippocampal sparing. Hippocampal sparing was found to be associated with memory preservation and improved quality of life. 19 A randomized phase 2/3 trial, NRG-CC003, is currently ongoing to evaluate the efficacy of hippocampal-sparing PCI compared with PCI in SCLC. 20 In RTOG 0614, a randomized, double-blind, placebo-controlled trial of WBRT with or without memantine, patients receiving memantine with WBRT demonstrated better cognitive function, with a reduced rate of decline in memory, executive function, and processing speed. 21 In light of the results of these trials, a clinical trial of memantine and WBRT with or without hippocampal sparing was opened and is currently accruing. 22 Validation of the benefit of these maneuvers may lead to increased use of PCI as neurotoxicity concerns are alleviated.
With respect to outcomes, our study did not demonstrate a significant difference in OS with the use of PCI, in contrast to the recent Surveillance, Epidemiology, and End Results analyses and meta-analyses. 8, 9 Interestingly, in a retrospective review of a similar-sized cohort (n = 207), Giuliani et al demonstrated an association between PCI use and improved OS in their patient cohort. 23 The lack of observed benefit with PCI in our study may be related to the differing rate of brain imaging used in our 2 studies (94% in the present study compared with "the majority" of the Giuliani cohort), which may have screened out many patients who already had brain metastasis in our cohort, among other factors. 23, 24 Another important consideration is that our cohort was likely underpowered to detect an OS difference. Notably, of the 7 randomized clinical trials that were evaluated in the practice-defining meta-analysis, the relative risk of brain metastasis was shown to be decreased in some of the individual trials. However, no single trial demonstrated improved OS. It was only after a pooled analysis of 987 patients was conducted that a statistically significant improvement in OS was shown. 5 Another study by Farooqi et al examined 658 patients with LS-SCLC who received chemotherapy and RT. 25 The authors reported that 55% of these patients received PCI, which improved OS and brain metastasis-free survival. However, unlike our study and the one by Giuliani et al, the non-PCI group in the Farooq et al study included patients with no response or with early disease progression after local therapy, thereby including unfavorable patients in the analysis. With respect to our research question regarding reasons for PCI omission, Farooqi et al did not report the individual rates for the reasons for PCI omission, but they did postulate that neurotoxicity is a likely contributing factor.
Our study is inherently limited because it is a singleinstitution, retrospective study, and the reasons for omission of PCI were extracted from medical records; therefore, they may not be as comprehensively assessed or as accurate when compared with prospective studies. However, this study posits several hypotheses to investigate further. In our study, patients who were deemed medically unfit for PCI and patients of advanced age comprised the second and third largest groups who did not receive PCI, respectively. This suggests that both patients and physicians are concerned about the balance between disease control and neurotoxicity in patients with LS-SCLC, a subset of whom can become longterm survivors. In addition, patient perception of potential neurotoxicity is likely influenced by how medical and radiation oncologists present and frame the pros and cons of PCI. The treating oncologists may have some inherent biases about PCI. Continued investigation of the mechanism of radiation-induced neurotoxicity will be important in the effort to develop mitigators of toxicity and ultimately optimize PCI use among patients who would benefit from this therapy. In light of our data, the ongoing prospective trials of hippocampal-sparing radiation and memantine use with PCI are warranted to address both physician and patient concerns about PCI-related neurotoxicity.
Conclusion
Even at a large academic center, only approximately half of patients with LS-SCLC who responded to initial chemoradiotherapy ultimately received PCI, most commonly due to patient concerns about neurocognitive toxicity. PCI is withheld from a similar number of patients due to physician concerns with regard to tolerability. Overall, these results suggest that efforts to decrease neurotoxicity of PCI, including hippocampal-sparing radiation and memantine use, may broaden the application of this intervention in patients with LS-SCLC.
